This study investigates the relationship between the morphology and the fracture behavior of upper bainite in JIS SK5 steel. The cleavage crack path was found to lie on f001g , f112g or f123g using electron backscatter diffraction (EBSD) from the fracture surface. Additionally, most of the bainite sheaf boundaries were found to be high-angle boundaries. If the cleavage planes are presumed to lie uniquely on f001g , then most of the deviations of the angles between two K-S variants in a given austenite grain are high-angle deviations. According to TEM diffraction analysis, the orientation relationship of cementite/bainitic ferrite satisfies the Bagaryatskii relation, and the habit plane of cementite precipitated in the bainite sheaf locates on ð0 1 11Þ k ð100Þ . Cementite does not significantly affect the propagation of a cleavage crack. Hence, cleavage cracking deflects at grain boundaries or bainite sheaf boundaries, but only reinitiates at the cementite/bainitic ferrite interface.
Introduction
JIS SK5, a high-carbon tool steel (0.8 mass% C), is often employed as a material for making hose clamps in the auto industry. Heat treatment called austempering is commonly applied instead of conventional quenching and tempering to improve the toughness and ductility of steel. Typical upper bainite, which comprises a parallel array of ferrite laths and discrete cementite layers, is obtained by austempering treatment. These ferrite laths, called sub-units, have almost the same crystallographic orientation in a bainite sheaf (also termed as a bainite packet). 1, 2) The cleavage fracture resistance of bainitic microstructures is closely related to both the prior of austenite grains and bainite packets. 3, 4) However, the crystallographic packet (misorientation > 40 ), unlike a morphological packet, has been suggested to be a real unit that controls the propagation of cleavage cracks. 5, 6) This work utilizes the electron backscatter diffraction (EBSD) technique to determine whether a cleavage crack deflects at a bainite sheaf boundary.
On the other hand, EBSD has been applied during this last decade to examine the crystallography of fracture surfaces. [7] [8] [9] The crystallographic indices of cleavage planes can generally be measured either directly from the fracture surface or indirectly from metallographic sections that are perpendicular to the plane of the adjoining fracture surfaces. Although the measurement directly from the fracture surface by EBSD yields an inaccurate orientation since the orientation of the facets deviates slightly from the EBSD geometric set-up, 10) this technique provides some advantages, such as ease of sample preparation, rapid pattern acquisition and no re-destructive fracture surface. Only a few studies have focused on the cleavage crystallography of the bainite structure by this technique, so the cleavage plane crystallography is re-examined in this work.
In bcc structural ferrite steels, the brittle fracture mode is either a transgranular cleavage or an intergranular grain boundary decohesion. Intergranular failure typically cannot occur unless the impurity content in the material is excessive. Cleavage involves the separation of atomic bonds along lowindex crystallographic planes. This process is considered to be energetically favorable because of the low surface energy of the low-index plane.
11) The low-index plane has been found to lie on {001}, 6, 10, 11) and other low-index planes, such as {110}, {112} and {123}, in bainite structures have also been examined. 12) High-angle grain boundaries impede the propagation of cleavage cracks. In the meantime an accommodation mechanism facilitates cleavage across such highangle boundaries. These additional fracture processes involve micro-void coalescence ductile tearing and fine-scale cleavage.
11) Cleavage cracks can propagate relatively easily across low-angle grain boundaries.
The objective of this study is to use the new EBSD technique to re-examine the crystallography of a fracture surface in a bainite structure. The relationship between microstructure and fractography was also examined using TEM and SEM equipped with EBSD to clarify the mechanism of cleavage fracture in a bainite structure.
Experimental
The material used in this work was JIS SK5 steel with composition Fe-0.78C-0.21Si-0.45Mn-0.015P-0.002S (mass%). Standard sub-size Charpy V-notch specimens with a thickness of 2.5 mm were machined from the as-received steel plates. An upper bainite structure was obtained after austenitizing at 880 C for 30 min and then austempering at 400 C for 1 h in salt bath furnaces. Impact tests were conducted at the ambient temperature using a 50-J impact machine. Then the fracture surfaces of the impact specimens were observed using a scanning electron microscope (SEM, Philip XL30) at 20 kV. The misorientation of the bainite sheaf boundary and the crystallography of the fracture surface were elucidated by electron back-scattering diffraction (EBSD); EBSD patterns were obtained using an OPAL system from Oxford Instruments (Oxford. U.K.) in a JEOL 6500F SEM. Thin foils were prepared for transmission electron microscopy (TEM) by double-jet electropolishing at 0 C and 80 V using an electrolyte with 5% perchloric acid, 25% glycerol and 70% ethanol. They were observed using a JEOL 2000EX TEM at 200 kV. Some fine-scale cleavage facets are evident at the edge of large cleavage facets, as indicated by the arrows in Fig. 1 
(b).
The appearance of the fine cleavage facet can be considered to be associated with an accommodation mechanism that facilitates cleavage across high-angle boundaries, 11) indicating that these adjacent bainite sheaf boundaries that accompany fine cleavage are high-angle boundaries (with a major misorientation).
EBSD analysis
Facet crystallography was elucidated using the EBSD technique in SEM, as shown in Fig. 2 . An inverse pole figure represents the crystallographic orientation of a selected region on one cleavage facet; each pole, which results from an EBSD pattern, in an inverse pole figure corresponds to a scanned point in a selected region. The crystallographic orientation of the cleavage facet was investigated to tend toward the {001} plane of ferrite. There is a small angular spread which is smaller than 10 of azimuthal angle in the inverse pole figure. The other ferritic planes, such as {112} and {123}, have also been investigated elsewhere. 13) The results are consistent with those of Naylor and Krahe.
14) The {110} cleavage plane is absent herein because of the probability of sampling. However, cleavage on {110} cannot be neglected since {110} is the most close-packed plane in bcc ferrite, and so is the plane in which brittle cracking requires the least energy.
Figures 3(a) and (b) show a SEM image, EBSD map and associated histogram, respectively. Herein, each color in the EBSD map represents a unique crystallographic orientation; an interface between adjacent bainite sheaves is also superimposed on the EBSD map. Evidently, each bainite sheaf has its own crystallographic orientation and almost all of the sheaf boundaries are all high-angle boundaries (> 20 ). This result confirms that the interface between the two adjacent bainite sheaves represents most of the high-angle boundaries, such that fine cleavage appears at the edge of the large-scale cleavage.
Since austenite does not remain after isothermal treatment at 400
C for 1 h, measuring the orientation relationship between austenite and bainitic ferrite was difficult. However, if this relationship is fixed, then the misorientation of each variant pair can be uniquely determined. 15) In this work, the K-S relation was fixed. For a given f111g , three h110i are possible, giving two h111i . Therefore, six orientations exist for each one of four f111g . In an austenite grain, there are twenty-four possible orientations. Table 1 presents the calculated results of the misorientation of 24 pairs of variants. Most of the bainite sheaf interface exhibits a high-angle misorientation, although the variant pairs 1-4, 1-8, 1-11 and 1-13 do not (10.53 and 14.88 ). Moreover, the maximum misorientation angle between two adjacent sheaves does not exceed 60 in an austenite grain. In the misorientation histogram, however, part of the interface between adjacent bainite sheaves exceeds 60
. These bainite sheaves are suggested to grow from another austenite grain. The 30-40 misorientation between interfaces in the histogram also reconfirms that these bainite sheaves are transformed from different austenite grains because the 30-40 misorientation is forbidden in the K-S relation (and even in the N-W relation 16) ). The above result indicates that an austenite grain boundary can also be regarded as a high-angle boundary and can be identified easily from the histogram of misorientation.
Suppose that the cleavage crack of the upper bainite lies on only f001g ; the cleavage orientation of 24 variants in an austenite grain can be plotted in the ð111Þ pole diagram of variant 1, shown in Fig. 4 . Table 2 also shows the corresponding angles of f001g of the 24 variants that deviated from the ð100Þ of variant 1. The (100) planes of variants 4, 21 and 24 and the (010) planes of variants 8, 11, 13 and 16 are low-angle deviations from the ð100Þ of variant 1, but the rest are high-angle deviations. Thus, it is highly possible to investigate that cleavage crack propagates through the interface between bainite sheaves with major deviation. Of course, in bainite structure, a cleavage crack can also propagate without significant deviation over several sheaves, because of the low-angle deviation. 5, 6) The double effects of the low-angle deviation of adjacent cleavage planes and the minor misoreintation without fine-scale cleavage greatly increase the likelihood of making an erroneous judgment of the unit that controls a cleavage crack propagation. Therefore, the co-variant bainite sheaf width is the unit controlling cleavage resistance. Figures 5(a)-(d) show the transmission electron micrographs of upper bainite and associated stereographic analysis. Cementites were identified to precipitate between ferrite laths. These ferrite laths in a bainite sheaf have almost identical orientations, consistent with the above results of EBSD analysis. The width of the lath is measured to be 20$100 nm. The stereographic analysis of the SADP indicates that bainitic ferrite is in the ½211 zone, almost parallel to the ½001 zone of cementite. ( and denote bainitic ferrite and cementite, respectively). Since the Bagaryatskii OR (orientation relationship) and the Isaichev OR are related by a rotation of only 3.59 about the common axis ½1 1 1 1 1 k ½010 , 17) determining which one of the ORs is real in the upper bainite of SK5 steel by TEM is difficult. However, Figure 6 shows another set of TEM diffraction patterns in the ½100 k ½011 zone. The ð100Þ reflection deviates by less than 1 from that of ð0 1 11Þ . If the Isaichev OR is maintained between ferrite and cementite, then this angle should be 2.08
TEM observation
; if Bagaryatskii OR is held, then the ð100Þ reflection will be completely parallel to that of ð0 1 11Þ . Accordingly, the OR herein is close to that of Bagaryatskii, 18) consistent with previous studies, 19, 20) as follows.
½0
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Carbide precipitation and fracture mechanism
Carbide precipitates may make the cleavage crack propagate in the habit plane, because of ease of separation along the carbide/matrix interface. Therefore, the crystallography of the carbide precipitate becomes an important factor in this mechanism. The single surface trace TEM technique is utilized herein for cementites and ferrites by fixing two phases in the Bagaryatskii relation, as presented in Fig. 7 . The habit plane of ferrite/cementite in the upper bainite is on ð0 1 11Þ k ð100Þ and the long direction of cementite is in
This result is similar to that 21) It also means that cementite precipitates in ferrite, because the habit plane of the cementite should be ð304Þ k ð213Þ if precipitating in austenite. Combining the result of the habit plane of cementite/ferrite with that of the cleavage orientation reveals no significant evidence that the crack propagates along the carbide/matrix interface. Hence, this mechanism may be more effective for coarser carbide precipitates. The crack just reinitiates when it encounters the carbide/ferrite interface in a bainite sheaf. Figure 8 schematically depicts the propagation of a cleavage crack in an upper bainite structure. A given austenite grain is divided into several bainite sheaves. Each sheaf has a unique crystallographic orientation and most of the interfaces between adjacent sheaves exhibit major misorientation (> 20 ). When a cleavage crack propagates through a bainite structure, its path lies on low index planes such as the f100g plane; reinitiates at the cementite/ferrite interface in a bainite sheaf, and deflects at a sheaf boundary or a prior austenite boundary, which is a high-angle boundary. The high-angle boundaries cause fine cleavage to be observed at the point of deflection.
Conclusions
(1) In the upper bainite structure, the size of the cleavage facet is apparently correlated with the width of the bainite sheaf. agates along the carbide/matrix interface exists. This phenomenon may be more effective for coarser carbide precipitates. (5) Hence, when a cleavage crack propagates through a bainite structure, its path lies on low index planes such as the f100g plane; reinitiates at the cementite/ferrite interface in a bainite sheaf, and deflects at a sheaf boundary or a prior austenite boundary, which is a highangle boundary.
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